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ABSTRACT

The purpose of this paper is to enumerate a number of collision avoidance algorithms
for robotic manipulators and consider them in the context of a teleoperator environment,
such as the one found in the Intelligent Systems Laboratory at NASA/Langley Research
Center.

Collision detection and avoidance algorithms can be separated into three broad cate-
gories: environment modelling, external control function, and free space calculation. This
paper discusses two selected environment modelling systems, two external control function
systems, and three free space calculation systems in the context of the telerobotic environ-
ment. An extensive bibliography of collision avoidance work is included. An arrangement
of the bibliography by topic is included as an appendix.

INTRODUCTION

The purpose of this paper is to enumerate a number of collision avoidance algorithms
for robotic manipulators and consider them in the context of a teleoperator environment,
such as the one found in the Intelligent Systems Laboratory at NASA/Langley Research
Center.

A number of authors have proposed collision avoidance algorithms, and the termi-

nology that they use varies slightly from one another. The reader might find the following
brief discussion of terminology helpful to clarify the way terms are used in this paper.

Collision detection is the detection of a collision between a robotic manipulator and an

object in its environment. To be useful in predicting collisions with objects in the environ-
ment, collision detection is typically based on a future position of the manipulator.

Collision prediction is the prediction of an impending collision between a manipulator
and an object in its environment. It is one level higher than collision detection the sense that
collision prediction is just collision detection applied to the future positions of the ma-
nipulator and the objects in its environment.
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Collision avoidance is the act of avoiding collisions between a manipulator and the
objects in its environment. Obstacle avoidance is a synonym, because obstacle is typically used
to refer to an object (usually stationary) in the environment with which the manipulator
could collide. Usually, a collision detection or prediction scheme is used to implement the
collision avoidance capability.

Path planning refers to the action of planning a collision-free path for the robot from a
starting point to a goal. Path planning presumes some sort of collision avoidance capability,
and typically does not include any time parameterization of the path (see trajectory planning
below). Lozano-Pérez [31] coined the phrase Findpath Problem to characterize the problem of
planning a path for a robot through a collection of obstacles. Usually, it is assumed that the
obstacles will be stationary, particularly in the earlier research. Much research, particularly
the systems that calculate free space explicitly, were developed with the goal of automatic path
generation. There has been little research on path planning or collision avoidance from the
point of view of teleoperated robotic manipulators.

Trajectory planning consists of creating a detailed specification of the motion of a ma-
nipulator that will cause it to proceed from an initial position to a goal position and usually
involves some specification of the time parameters of the path. Some authors use trajectory
planning as a synonym for path planning, but others give the term a more technical meaning
as a specification of a succession of via points (or joint angles, velocities, or torques) to achieve
a desired path by a manipulator. In this paper, trajectory planning will be taken to mean a
specification of a path through the use of a time parameter.

REQUIREMENTS OF A TELEOPERATOR ENVIRONMENT

Since the purpose of this paper is to analyze and discuss collision avoidance schemes
from the perspective of the use of the algorithm with a robotic manipulator in a teleoperator
environment (or telerobotic environment, for brevity), a brief discussion of the requirements
of such an environment will be helpful.

The telerobotic environment is a dynamic environment, typically containing multiple
moving objects (robotic manipulators and possibly other mobile objects), and stationary ob-
jects. To provide useful information to the operator, the collision avoidance system should
monitor manipulator state (joints, velocities) under control of the operator, as well as the lo-
cation of the other objects in the environment, then synthesize and present this information
to the operator in real time. Moreover, this facility should be provided to the operator with-
out overly burdening the executive controller of the manipulator system, which in the case of
the ISRL is the VAX 750. The collision avoidance system should not complicate the operator
interface, but instead should be a helpful adjunct for the operator.

The path specified by a task, either by the operator or an executive path planner, should

not be required to be fixed, but should be alterable in response to changes in the environment.
All links and joints of all manipulators should be considered, not just the position of the end



effector. Some telerobotic applications, particularly those located in space, require that jerk,
acceleration, and deceleration be minimized. Since a telerobotic manipulator may need to
handle objects in its environment, the collision avoidance system used must be able to deal
easily with the “benign” collisions that are required in grasping or mating objects, inserting
pegs, and other specialized operations.

Finally, the collision avoidance system must be sufficiently flexible to accommodate
changes in the environment, such as relocation of the manipulators or other objects, without

requiring modification of the system.
Types of collision detection and collision avoidance algorithms

Collision detection and avoidance algorithms can be separated into three broad cate-

gories:
. environment modelling
. external control function
. free space calculation

Environment modelling systems usually use some sort of geometric approximation,
such as cylinders, convex polygons, or spherelists, to model the objects in the environment.
Velocities of the mobile objects in the environment are used to use the calculated future po-
sitions of the objects in the environment to predict collisions that might occur. These systems
do well in an uncluttered environment because of their computational and conceptual sim-
plicity. Every collision avoidance algorithm must have the ability to model the geometry of
the environment, so in this sense, environmental modelling systems are the most funda-
mental of all of the collision avoidance systems.

External control function systems rely on an external function, such as a potential field
of attractive and repellent forces, a penalty function, or a higher-level coordinator, to control
the position of the manipulator in the environment. In these systems, collision avoidance is
moved from the level of manipulator control to an external agent which ensures that colli-
sions do not occur. For a higher-level coordinator, its level in the hierarchy ensures that the
coordinator has the knowledge of the environment to ensure that collisions do not occur. In
the case of a potential field or penalty function, collision avoidance becomes a low-level, au-
tonomic reflex. This makes it possible to specify a path in terms of general goals, leaving it to
the autonomic avoidance behavior to ensure that collisions do not occur.

Free space calculation systems calculate explicitly the areas (or volumes) in the envi-
ronment in which collisions with obstacles is impossible — the “free space” in the environ-
ment. A collision-free path is then constructed through the free space by various methods.
The principal disadvantage of this type of system is the computational expense of the explicit
calculation of free space. This type of system has generated a large amount of research, be-
cause a path planning method based on free space calculation is guaranteed to find a collision-



free path from an initial point to a goal point, if one exists. Furthermore, the set of all such
paths can be analyzed to select a path that is minimal with respect to some constraint, such as
path length or joint torques.

DISCUSSION OF SPECIFIC COLLISION AVOIDANCE SYSTEMS

Each of the following three sections are devoted to a discussion of representative ex-
amples of these three different types of collision avoidance algorithms. The examples will be
organized by the last names of their author or authors. The discussion of each example will
include

e a description of the system

¢ testing that the authors performed on their system

e a general evaluation of the system’s strengths and weaknesses

¢ an evaluation of the suitability of the system for use in a telerobotic environment

The Appendix contains the entries of the Bibliography, grouped according to these
three categories of collision avoidance systems. There are a number of entries in the bibliog-
raphy that do not fall into one of the above three categories. The phrase “collision avoidance”
includes path planning problems of a general nature, such as the “piano movers” problem.
This problem involves describing a general algorithm to move an irregular shape through a
narrow passageway. A number of theoretical results have been obtained on this problem and
others, and are grouped as a separate category in the listing in the Appendix.

ENVIRONMENT MODELLING SYSTEMS

There are two recent environmental modelling systems, the motion simulation paper
of Uchiki, Ohashi, and Tokoro, and the spherelist modelling system developed by Wallace,
Sliwa, and Bynum.

Uchiki, Ohashi, and Tokoro

Description of the system. The system was developed for a computer animation system to
determine when two points occupy the same point in space [57]. The authors developed the

system to prevent graphic objects from appearing to jump over or pass through each other.

The authors represent points in three-dimensional space as a block of points in a Pic-
ture Element Array (PEARY). In their terminology, the word “object” is taken to be synony-
mous with “named point”, so that at first glance the system appears more grand than it actu-
ally is. The system has three major components:

(1)  Object Name Table

(2)  Access Controller

(3)  Message Manager

The Object Name Table is simply an array of object names. The index of an object’s
name in the Object Name Table is used as the object’s ID. The Access Controller transfers ob-



jects into and out of the PEARY. When an object is written into PEARY and another object
already occupies the point in space for which the incoming object is targeted, the Access Con-
troller discovers a collision and passes this information on to the Message Manager. The
Message Manager maintains a Collision Information Table. This table is arranged by the co-
ordinates of each point in space at which a collision has occurred, along with the ID’s of the
objects occupying that point. There is room for two ID’s in the table (this is probably the most
frequently occurring case). If more than two objects occupy the same point in space, the over-
flow is placed in a linked list off of the table entry.

Testing that the authors performed on their system. It is unclear from the paper that the au-
thors have actually used the system. The authors claim to have evaluated the system using a
“simulation” written in C, running on UNIX 4.1BSD hosted on a VAX 11/750. Their simu-
lation uses 2-D cells which can be assigned 256 different “priorities”, which they describe as a
2.5D system. The number of collision detectable objects at each priority level is limited to
eight. Their simulation shows that their system is effective. There are no pictures or dia-
grams in the paper that appear to be taken from the system itself. The illustrations in the pa-
per appear to be produced by hand.

Evaluation of the system’s strengths and weaknesses. The principal strength of the system is
its apparent speed. The authors indicate that the collision detection cycle time is approxi-
mately equal to the time required to write to their memory.

The system has two serious weaknesses. First, it deals only with points. There is no
discussion in the paper about how to use the system to deal with more complicated geometric
shapes, such as spheres, cylinders, and convex polyhedra. There are several illustrations in
the paper that seem to intimate that the system could be used in this way, but this point is not
supported by the program text. Second, the system has only been simulated in 2D. The dis-
cussion in the text is in a three-dimensional context, and the extension of the system to three
dimensions does not seem to pose insurmountable difficulties. Nevertheless, the authors
have not yet extended the simulation to three dimensions, and it is not clear that the authors
have actually used the system in two dimensions.

Suitability of the system for use in a telerobotic environment. The system is not suitable for
the telerobotic environment. It is limited to points only. The representation of more com-
plex geometric shapes would be prohibitively expensive, both in terms of space and time. The
additional space required for more complex objects would also require additional time for
processing.

No demonstration of the capability of the system to deal with three-dimensional prob-
lems has been conducted.




Wallace, Sliwa, and Bynum

Description of the system. This is a collision detection system based on the spherelist object
representation of the PUMA environment that was developed by Richard Wallace and ex-
tended by Nancy Sliwa. The system was designed to detect collisions between a PUMA in the
ISRL and other objects in the environment. The basic spherelist structure was used in a
demonstration of two cooperating PUMA manipulators by Wallace in 1983. Each link of each
PUMA was approximated by a spherelist. Figure 1 below shows the approximation of a
PUMA manipulator by several spherelists.

In 1987, James Reich, an aeronautical engineering co-op student from M.I.T., conducted
another proof-of concept demonstration of the collision detection system. Reich’s program
was written in C, ran on one of the micro-VAX’s and communicated with the VAX 750 host-
ing the REALTIME program via DECNET. Reich’s work was useful in demonstrating that a
collision detection system based on the spherelist method of geometric modelling could re-
turn results sufficiently quickly to be useful. The limitations of Reich’s program prevent its
further development. The positions of the PUMA’s in the ISRL were hard-coded in the pro-
gram. Furthermore, it was assumed throughout the program that this placement of the
PUMA'’s guaranteed that only the end effectors could collide. The program did not allow the
introduction of other mobile objects into the environment. Although the program allows
stationary objects other than the PUMA’s in the environment, this feature was apparently not

tested.

<, AA/Y

Figure 1. Representation of a PUMA manipulator as a spherelist

The construction of a more general spherelist collision detection system was begun in
1987 — 1988 by Bill Bynum, working with Nancy Sliwa. The system is written in VAX COM-



MON LISP. Porting of the program to both the Symbolics and the VAX Al workstation for
use with the REALTIME system is planned for 1988 — 1989. The system allows the placement
of any number of mobile and stationary objects in the environment. The system is highly
modular. Each object in the environment is represented by a code module that is responsible
for providing the system with the functions necessary to provide information to the system
about the geometry of the object and its laws of motion.

Every object in the system is represented as a spherelist. A PUMA manipulator is rep-
resented as a collection of objects (its links 1 through 5) that move in concert. Each object (or
collection of objects, as with a PUMA) is expected to provide the system with two classes of
functions: an initialization function that establishes the initial position of the object, and an
update function that predicts the position of the object based on the basis of the object’s pre-
vious position and current velocity.

The system maintains three global data structures, used for collision detection:
¢ Collision Array.

An n by n lower-triangular array used to record the last known distance apart for
each pair of objects in the environment (here, n is the maximum number of objects ex-
pected in the environment — currently thirty). The lower-triangularity of the array is
used to ensure that collision checking between each pair of objects occurs no more than
once; that is, the array is used to determine which pairs of objects can collide (no collision
checking between two stationary objects is required, for example), and that collision
checking is performed only once for those pairs of objects that can collide.

¢  Mutual Distance Travelled Array

An n by n lower-triangular array used to record the cumulative distance travelled
for each pair of objects (at least one of which is mobile) since the last collision check. A
full collision check between the spherelists of the two objects is only triggered when the
entry in this array exceeds the last known distance between them stored in the Collision
Array. This action has been added to reduce the amount of collision checking required.
When a collision check occurs for two objects, the corresponding entry of this array is set
to zero. A collision check that reveals an impending collision stimulates a warning
message.

¢ Distance Travelled Array
An n by 1 vector composed of the distance that each object has travelled in the last

time interval. The array is used to calculate the Mutual Distance Travelled Array.

The system maintains a graphics display on the VS11 graphics terminal showing the
side and top view of the environment. This display is useful for determining the current po-
sitions and movement of the objects in the environment.

Testing that the authors performed on their system. The system has been subjected to only a

limited amount of testing. The graphical display is used to monitor the three-dimensional
position of all objects in the environment and to give a separate indication of whether a colli-




sion should have occurred. The system uses the current locations of the PUMA manip-
ulators, which makes collision between them relatively unlikely. To test the collision detec-
tion capabilities of the system, two different types of objects were introduced: a random object
that moves a random distance from its current position at each time interval, and a magnet
object that can be locked onto another object so that it will halve its distance from the chosen
object at each time interval. More testing of the system needs to be done. More realistic test-
ing with the REALTIME system can occur after the system has been ported to the Symbolics
and VAX AI workstation this summer.

Evaluation of the system’s strengths and weaknesses. The strengths of the system are its gen-
erality, its highly modular structure, and its conceptual simplicity. The generality of the sys-
tem stems from the freedom of constraints that the system places on the initialization and
update functions for a given object. The update function for an object can use whatever pa-
rameters and rules of motion that are most appropriate for the object. The initial position of
an object is not constrained in any way, and the object can declare itself to be “mobile” or
“fixed”. The modularity of the system follows from the fact that each code module is inde-
pendent from the modules of the other objects. The conceptual simplicity of the system fol-
lows from the geometric simplicity of a sphere.

The principal weakness of the system is the fact that it has not been fully tested in a
working laboratory environment. Some authors have suggested that collision detection
through geometric modelling will be unable to handle a cluttered environment successfully.
Without thorough testing, it is unclear whether other systems with similar capabilities will
perform significantly better in a cluttered environment.

Suitability of the system for use in a telerobotic environment. This system has considerable

interest for application in the ISRL telerobotic environment, both because of its familiarity
and the preliminary proof-of-concept demonstrations that have already occurred. Only time
and further testing will determine whether other systems of comparable capability are su-
perior.

EXTERNAL CONTROL FUNCTION SYSTEMS
The most widely known external control function system is the system of Khatib using
an artificial potential field [24,25,26,27,28]. Freund and Hoyer have described an external con-
trol function system for multiple robotic manipulators [15,16,17,18].

Khatib

Description of the system. Khatib originated the idea of using an artificial potential field to
control a robotic manipulator. His system grew out of his work on end effector motion con-
trol amid obstacles on the Montpellier manipulator in 1978. He has published several papers
on the system. Khatib’s system moves collision avoidance from a high planning level down




to low-level control as a sort of “autonomic” response. Khatib holds that the planning level
is slow, whereas the lower level can respond much more quickly.

Khatib uses what he terms the “operational space formulation” of controlling a ma-
nipulator, which is used synonymously with his potential field control system. The opera-
tional space formulation is analyzed in [24,25,26,27,28]. The analysis is similar in all of these
references. In [26], the most accessible of these references, the operation space formulation is
analyzed for the special case of a manipulator end effector as a single unit mass with a single
obstacle.

The position of the end effector is described by a vector x of mg coordinates. The kinetic
energy of the articulated mechanism is characterized by a quadratic form, T, involving x and
x'. A Lagrangian equation is used to obtain the following differential equation characterizing
the motion of the end effector in the potential field:

AX) x" + p(x,x") + p(x) =F
where A is the symmetric matrix of the quadratic form T, p is a function representing the cen-
trifugal and Coriolis forces on the manipulator, p is a function representing gravity forces,
and F is the potential force vector.

An “artificial” potential field function F is developed to be plugged into the above
equation so that the equation can be solved to determine the position of the manipulator.
The goal position of the end effector is assumed to be an attractive pole in the potential field
and the obstacle is assumed to be a repulsive surface in the field, and the total force acting on
the end effector is the sum of the two forces. The attractive potential due to the goal is mod-
elled as a PD (proportional-derivative) servo with a friction (or dissipative) term. The repul-
sive potential due to the obstacle is a non-negative continuous, differentiable function whose
value tends to infinity as the end effector approaches the obstacle’s surface, and is limited to a
given region surrounding the obstacle (“to avoid undesirable perturbing forces beyond the
obstacle’s vicinity”). The function used expresses the force in terms of the square of the dif-

ference of the reciprocals of the shortest distance to the obstacle p and the limit of influence of

the obstacle a:
K-(1/p-1/a)2 forp <a,
0,forp>a.

Obstacles are modelled by means of combinations of primitive shapes: rectangular par-
allelipiped, cylinder, cone, and “n-ellipsoid” (equation like an ellipse but with an exponent of
2n instead of 2). Collision avoidance of links is taken care of by approximating links with
straight lines and “continuously controlling the link’s closest point to the obstacle”. Joint
constraints can also be implemented by a repulsive potential, like an obstacle. Formulas for
the minimum distances from a link to the primitive shapes of a parallelipiped, cylinder, and

cone are given in appendices of [26].



Testing that the author performed on his system. In [26], Khatib alludes to a videotaped

demonstration “of real-time collision avoidance with links and moving obstacles ... per-
formed using a PUMA 560 and a Machine Intelligence Corporation module.” Although the
authors of the present paper have not been able to view this demonstration, we understand
from others who have seen it that the obstacle avoidance displayed there is essentially two-
dimensional. Khatib claims to achieve a servo control rate of 225 Hz and a coefficient evalua-

tion rate of 100 Hz.
Evaluation of the system’s strengths and weaknesses. The principal strength of this system is

its conceptual elegance. It is very attractive to be able to move collision avoidance from the
high, planning level down to the control level. The higher, slower planning level is unbur-
dened of the lower-level details of preventing collisions between the manipulator and obsta-
cles in the environment.

The principal weakness of the system is best phrased by Khatib himself in [26]:

“complexity of tasks that can be implemented with this approach is limited. In a
cluttered environment, local minima can occur in the resultant potential field.
This can lead to stable positioning of the robot before reaching its goal.”

The computation involved seems complex and might consume appreciable amounts
of time. It is unclear how the system would perform in a cluttered environment. The details
of the analysis of a real manipulator with moving objects in a three-dimensional environ-
ment is not given. Almost no implementation details are given in any of Khatib’s papers. It
is unclear whether the repulsive functions used to model the forces from obstacles are
satisfactory in all situations.

Suitability of the system for use in a telerobotic environment. The conceptual elegance of us-

ing an artificial potential field to handle collision avoidance makes this system very attrac-
tive. By moving the collision avoidance down to a lower, autonomic level, not only is the
higher level of the controlling program unburdened, but so also is the teleoperator, if one is
involved. The lack of specific implementation details in Khatib’s papers make it difficult to
evaluate the algorithm accurately. It would be very interesting to implement this algorithm
in the ISRL and compare it with other methods.

Freund and Hoyer

Description of the system. In a series of papers [15,16,17,18], Freund and Hoyer have described
a collision avoidance system for multiple robotic manipulators that, like the system of Khatib,
has an external control function. The control function for their system is called the
“Hierarchical Coordinator”. The action of the Hierarchical Coordinator are determined by a
complicated system of nonlinear vector feedback equations. These equations, as well as the
concept of the Hierarchical Coordinator, are most easily understood with the help of diagram
shown in Figure 2, which shows the system of equations graphically. This diagram was
adapted from Figure 1 of [18].
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The system is assumed to have r robotic manipulators. The position of the k-th robot is
described by the position vector xk(t). The k-th robot obeys a vector differential equation in-
volving xy.and its first derivative, and the vector functions, Ax(xk), Bx(xk), and uk(t):

xk'(t) = Ax(x) + Br(xiuk(t).

This equation appears two times, once for each robotic manipulator, in Figure 2. In the
equation, Ag(xy) is a matrix characterizing the dynamic behavior of the robot, Bi(xk) is the
input matrix, and u(t) is the input vector.

External Input Vectors
lvl(t) ese vr(t)l

Hierarchical Coordinator H (xl’ e X PV e,V l_)

;1(” = A + B 6wt X (1) = ALY+ B ) u(t)
eee ; T

Output Vectors

Figure 2. Hierarchical Coordinator feedback diagram

The input vector uk(t) is decomposed further into nonlinear and control terms by the
equation:

uk(t) = Fr(xp)+ Gr(x)wi(t).

11



The terms Fi and Gy are chosen to decouple the inputs and outputs to the differential
equation above and place the poles of the equation as desired. The wk(t) term is the
“reference input” term supplied as an output of the Hierarchical Coordinator.

The exact behavior Hierarchical Coordinator function is derived using what Freund
and Hoyer call the “collision trajectories” of the robotic manipulators; namely, the geometry
of the manipulators and their intended trajectories. For a given manipulator k, this informa-
tion is contained in the external input vector vk(t) and the position vectors xk(t). The au-
thors claim that “vertical movement is not considered in the avoidance strategies, but it can
be involved without principal difficulties”. This means that the Hierarchical Coordinator, as
analyzed in [18], deals only with two-dimensional trajectories.

Testing that the authors performed on their system. The system has never been tested in an

actual robotic environment. The behavior of the system has been simulated using the simu-
lation language SIMWAIT at the Institut fiir Roboterforschung in West Germany. Simula-
tions were performed for four cases:

1. moving robot arms, stationary manipulators, and stationary, constant-sized

obstacles.

2. stationary robot arms, moving manipulators, and moving, constant-sized

obstacles.

3. moving robot arms, moving manipulators and moving, variable-sized ob-

stacles.

4. moving robot arms, moving manipulators & moving, constant-sized ob-

stacles.

Since the algorithm was only simulated for these four cases, the computation times
required by the algorithm for the four cases were estimates only. The results were presented
in terms of “time units”. No explanation of the relationship of these time units to real time
was given, although the authors remark that for the TI 9995, Case 1 is estimated to require 9
milliseconds, and Cases 2, 3, and 4 are estimated to require 10 milliseconds.

Evaluation of the system’s strengths and weaknesses. The principal strength of this paper is
that it is a recent solution to the Findpath problem for multiple manipulators. The authors
claim that it is fast.

This system has a number of weaknesses. It has as all of the technical complication of
Khatib’s work (perhaps a great deal more) with none of the conceptual elegance. Because of
the exceptional technical complexity of the algorithm and the fact that the system has only
been simulated and never demonstrated in hardware, it seems probably that the algorithm is
computationally intensive. In spite of the author’s estimates, it is unclear how fast the algo-
rithm will turn out to be in practice. The technique of developing the Hierarchical Coordina-
tor for an arbitrary system of manipulators would be difficult. It is unclear how difficult it

12




would be to modify the Hierarchical Coordinator when changes in the environment were
required. The question of how well the simulation models an actual system of manipulators

is not dealt with.

Suitability of the system for use in a telerobotic environment. It is not clear how a teleopera-

tor would share control of the system with the Hierarchical Coordinator. The teleoperator
would probably tend to get in the way of the Hierarchical Coordinator. The question of how
to modify the design of the Hierarchical Coordinator to include the effects of teleoperator
control might be difficult. The technical complexity of the algorithm would make actual im-
plementation (as opposed to simulation) difficult.

FREE SPACE CALCULATION SYSTEMS

Free space is the space in a robotic environment not occupied by either the robot or its
obstacles. Free space calculation systems are all based on the presumption that path planning
is a high-level, infrequently performed activity, because the calculation of free space is a time-
consuming, computationally expensive activity. This fact usually leads to the assumption
that obstacles in the environment are stationary, since free space must be recalculated when
any obstacle moves.

There extensive amount of research devoted to this type of collision avoidance. The
free space calculation systems are ill-suited to a teleoperator environment, however, because
they are all based on the premise that the path planning will be done automatically and infre-
quently and that changes in the environment are rare. There is no allowance for a teleopera-
tor in the path planning. These facts, along with the high cost of the explicit calculation of
free space, support the conclusion that free space calculation methods cannot be used without
substantial modification in a telerobotic environment like the ISRL. These papers are dis-
cussed here because of their historical significance and their general influence on collision
avoidance.

The paper of Lozano-Pérez and Wesley [35] is one of the first papers on free space calcu-
lation. It has had a profound influence on all subsequent free space calculation systems. The
papers of Brooks [6,7] involve freeways, an improvement on the free space calculation
method of Lozano-Pérez and Wesley.

The paper of Gouzénes [19] is interesting because it is a recent study of free space calcu-
lation.

Lozano-Pérez and Wesley

Description of the system. This is the best known and most widely referenced collision
avoidance scheme.

The algorithm is based on the assumption that all obstacles are polygonal in shape.
The algorithm has the following steps:

13



1.  Represent the movable part of the manipulator (usually the end-effector) by
a sphere.

2. Shrink the end-effector to a point and grow all obstacles by the radius of the
sphere in step 1.

3. Construct an undirected graph with a vertex set consisting of the starting
point, S, the goal point, G, and the set of vertices of all (grown) obstacles in
the environment and an edge set consisting of all straight-line segments
from one member of the vertex set to another that do not overlap an obsta-
cle. This graph is called the Visibility Graph.

4. The shortest collision-free path from S to G in the plane is then the shortest
path in the Visibility Graph from the vertex corresponding to S to the ver-
tex corresponding to G.

This algorithm is guaranteed to find a shortest path from the start point to the goal

point, if any such path exists. Figure 3 below illustrates the algorithm.

Figure 3. Visibility Graph solution to the Findpath problem.

In subsequent papers [32,33], Lozano-Pérez supplied a theoretical framework for con-
sidering the Findpath problem that he calls Configuration Space. Lozano-Pérez points out
that a configuration of an object can be specified by a six-dimensional vector composed of its
three dimensional cartesian position, along with the object’s Euler angles. Then the Configu-
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ration Space for an object is just the collection of all of its possible configurations. In spite of
the specific, technical meaning that Lozano-Pérez assigns to Configuration Space, this term
has come to be associated with the procedure described above of shrinking the movable part
of the robot to a point and enlarging the obstacles.

John Canny, working under Lozano-Pérez, received the ACM Doctoral Dissertation
Award in 1987 for his work on the computational complexity of the Lozano-Pérez configura-
tion space approach to robot motion planning [10]. Canny develops methods that reduce the
computational burden of the configuration space approach to collision avoidance. In spite of
these methods, Canny shows that the problem of motion planning for a moving robot with
moving obstacles is NP-hard. Furthermore, the configuration space method of collision
avoidance still has the problem that the configuration space characterization of the environ-
ment changes when the end effector grasps an object and free space must be re-calculated.

Testing that the authors performed on their system. The authors mention briefly that they
have implemented the algorithm in PL/I on an IBM 370/168 and have used it to plan colli-
sion-free “trajectories” for a seven degree-of-freedom computer controlled manipulator. The
word “trajectory” as it is used by these authors should probably be replaced by “path”, since
“trajectory” is usually taken to connote a parameterization of the path by time, which is not a
part of this algorithm.

Others have implemented the algorithm, too. For instance, Don Krause, as his sum-
mer project at the ISRL, simulated this algorithm on the VAX [29].

Evaluation of the system’s strengths and weaknesses. The strengths of the system are its con-

ceptual, theoretical, and computational simplicity. Furthermore, like almost all of the other
free space calculation systems, this algorithm is guaranteed to find a collision-free path from a
starting point to a goal point, if such a path exists. Once the free space has been calculated,
then it is possible to select a path from all of the possible paths that is minimal in some re-
spect, such as total distance travelled, joint torques, and so forth.

Unfortunately, the simplicity of this algorithm is also its most serious problem. The
only mobile object in the environment is assumed to be the end-effector, and moreover, its
shape is assumed to be spherical. Lozano-Pérez and Wesley discuss the use of other shapes in
an appendix to their paper, but the use of more complicated shapes increases considerably the
computational complexity of the algorithm. The basic algorithm is only two-dimensional.
Others, such as Brooks (see below) have extended the algorithm to three-dimensions.

The path produced by the algorithm is placed as close as possible to the obstacles that
the end-effector passes on its way to the goal. Other algorithms, such as Brooks (see below)
have been developed that center the path between the obstacles in free space.

Like all of the other free space calculation systems, this algorithm has trouble if the ob-
stacles move, since this necessitates recalculation of the free space. Inclusion of the other
links of the manipulator increases substantially the computational burden.
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Suitability of the system for use in a telerobotic environment. The system was never in-
tended for use in a teleoperator environment. The teleoperator is not needed. Path planning
is done automatically from a map of the environment. Intervention of a teleoperator is nei-
ther needed nor allowed for. Modification of the path according to constraints supplied by a
teleoperator at run time (or path traversal time) is not allowed.

Brooks

Description of the system. This algorithm is an improvement of the Lozano-Pérez and Wes-
ley algorithm, in that it constructs a path on which the robot stays as far as possible from the
obstacles in the environment. Brooks’ algorithm, as stated in [7], is a direct derivative of the
Lozano-Pérez and Wesley algorithm, because it also assumes polygonal obstacles, it also
shrinks the robot to a point, and it is also two-dimensional. In a slightly later MIT AI memo
[6], Brooks describes a way of extending his freeways to three dimensional obstacles and a four-
link manipulator.

Brooks constructs a collision-free path in free space using freeways. A freeway is a
“generalized cone” in free space formed by opposing faces of two separate obstacles. The spine
of the freeway is the line equidistant from the two opposing faces, if they are parallel, or the
bisector of the angle between the two faces, if they intersect. The boundary of the freeway is
formed by the opposing faces of the two obstacles, along with extensions of these faces parallel
to the spine. Figure 4 below shows a confined workspace with three polygonal obstacles and
their associated freeways. The spines are shown as dotted lines.

Figure 4. Freeways in a workspace with three obstacles.
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The performance of the system was not acceptably fast even with the coarsest granular-
ity of the grid. Computing the volume swept out by the robot took ten seconds. Once the free
space tree had been determined, a trajectory could be calculated in three seconds. The exam-
ple with the finest granularity had a calculation time of eight hours ! In spite of the dis-
claimer by the author that the purpose of the project was “to clarify and demonstrate the va-
lidity of the concepts”, these execution times are more of a testament to the basic computa-
tional intractability of the complete determination of free space than they are a demonstration

of the validity of the concepts.

Evaluation of the system’s strengths and weaknesses. The strength of the paper is that it is a
recent investigation into free space calculation. The author’s system has the weaknesses that
all free space calculation systems have: the assumption that obstacles are stationary and that
the path of the manipulator, once determined, will not need to be re-computed for a consid-

erable period of time.

Suitability of the system for use in a telerobotic environment. The system was not meant to

be used in a telerobotic environment. Without major modification, it is not suitable.

CONCLUSIONS

An exceptional amount of research has been done on the topic of collision avoidance,
but the amount of work that has been done in the case of a telerobotic environment is small.
Of the three general types of collision avoidance algorithms, the environment modelling and
external control function systems hold the most promise for the telerobotic environment.
Free space calculation algorithms, as a general class, are not suitable for the teleoperator envi-
ronment, because they were designed for automatic planning of manipulator movements
and the explicit calculation of free space poses a formidable computational burden. It would
be interesting to determine if some free space calculation algorithm could be modified to cal-
culate the free space only locally to decrease the computational burden and increase its flexi-

bility.
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The freeways are used as in the algorithm of Lozano-Pérez and Wesley to construct a
collision-free path from a starting point to a goal point. Since the path is along the spines of
the freeways, the path is centered between opposing faces of the obstacles.

Testing that the author performed on his system. The paper [7] describes only the implemen-

tation of the algorithm. No implementation or testing is mentioned. The description of his
three-dimensional extension in [6] is at a high level and few concrete details are given. The
illustrations in [6] imply that his algorithm was simulated in a three-dimensional environ-
ment. Brooks mentions that an example path was found in less than one minute on an MIT

LISP machine.

Evaluation of the system’s strengths and weaknesses. The strength of this system is its rela-

tive simplicity, although it is more complicated than the algorithm of Lozano-Pérez and
Wesley. Brooks’ algorithm has the advantage that the generated path stays as far as possible
away from the obstacles. The weakness of the Brooks algorithm is its added complexity.
Moreover, it shares the weakness of all of the free space calculation systems, in that the robot
is assumed to be the only mobile object in the environment due to the high cost of re-calcu-

lating free space.

Suitability of the system for use in a telerobotic environment. All of the comments on the
Lozano-Pérez and Wesley paper apply here also. No teleoperator is allowed for or needed in
this algorithm. It is not meant to be used in a teleoperator environment.

In addition, the complexity of the algorithm contributes to an unacceptably high com-
putational burden and slow update rate.

Gouzeénes

Description of the system. This paper [19] contains a discussion of the topological and
geometric properties of free space and the configuration space of the robot, along with a
method of calculating an approximation of free space. The main contribution of the paper is
the idea of approximating the environment of the robot with a grid of rectangular parallelip-
ipeds, and using this approximation to calculate both the configuration space of the robot and
free space.

The basic method consists of calculating explicitly the exact volume swept out by the
robot on its path, finding the center of this volume, growing the volume slightly to take care
of inaccuracies in the approximation, and then checking for intersection of this volume with

the obstacles.

Testing that the author performed on his system. The author implemented “a small two-di-

mensional geometric manipulation system” having three links. Part of the information
about the volumes swept out by the links of the manipulator was entered by hand through a
text editor. The system was tested for three different granularities of the approximation grid.
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APPENDIX
Collision Avoidance Bibliography by Category

By its very nature, taxonomy is inexact. A certain amount of imprecision will always
be involved in classifying objects into separate categories unless each object occupies a
category of its own. The reader is offered apologies in advance for the inaccuracies that stem
from separating the collision avoidance bibliography into only four different categories:
environmental modelling, external control function, free space calculation, and theoretical.
The first three of these categories are defined and discussed at length in the body of the paper.
Only the fourth needs to be described here.

The theoretical category in this bibliography will be taken to include those papers that
approach collision detection, collision avoidance, or path planning from an abstract,
theoretical point of view. The theoretical analysis of the subject of the paper is the primary
focus, with little or no interest in the practical implementation of the ideas involved.
Solutions to the “piano movers” and the “ladder” problems are examples of this sort of paper.
Some high-level path planning papers, concerned more with the aspects of planning the path
than the path itself, also fit in this category.

The numbers of the items shown are those used in the bibliography.

ENVIRONMENTAL MODELLING

2. Barker, L. Keith; Moore, Mary C., Theoretical Method for Calculating Relative Joint
Geometry of Assembled Robot Arms, NASA Technical Paper 2155, NASA/Langley
Research Center, 1983, 22 pp.

4. Boyse, John W. Interference Detection Among Solids & Obstacles. Communications of
ACM, v. 22, no. 1 (Jan. 1979), pp- 3 - 9.
9. Cameron, S. A.; Culley, R. K. Determining the Minimum Translational Distance

Between Two Convex Polyhedra, Proceedings of 1986 IEEE International Conf. on
Robotics & Automation (Apr. 7 —~ 10, 1986, San Francisco, California), v. 1, pp. 591 - 596.

12.  Culley, R.K.; Kempf, K.G. A Collision Detection Algorithm Based on Velocity and
Distance Bounds, Proceedings of 1986 IEEE International Conf. on Robotics &
Automation (Apr. 7 — 10, 1986, San Francisco, California), v. 2, pp. 1064 - 1069.

21.  Herman, Martin. Fast, Three-Dimensional, Collision-Free Motion Planning,
Proceedings of 1986 IEEE International Conf. on Robotics & Automation (Apr. 7 - 10,
1986, San Francisco, California), v. 2, pp. 1056 — 1063.
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38.

45.

47.

52.

53.

55.

57.

13.

Lumelsky, Vladimir. Continuous Motion Planning in Unknown Environment for a
3D Cartesian Robot Arm, Proceedings of 1986 IEEE International Conf. on Robotics &
Automation (Apr. 7 - 10, 1986, San Francisco, California), v. 2, pp. 1050 1055.

Oommen, B. John; Reichstein, Irvin. On Translating Ellipses Amidst Elliptic Obstacles,
Proceedings of 1986 IEEE International Conf. on Robotics & Automation (Apr. 7 — 10,
1986, San Francisco, California), v. 3, pp. 1755 - 1760.

Orlando, Nancy. An Algorithm for Collision Detection. Course Report,
Computational Aspects of Robotics, Spring, 1985, 12 pp.

Orlando, Nancy. An Intelligent Robotics Control Scheme. American Controls
Conference, San Diego, CA, June 6 - 8, 1984, 6 pp.

Orlando, Nancy. A System for Intelligent Teleoperation Research. AIAA Computers
in Aerospace IV Conference. October 25, 1983, 6 pp.

Potter, Jerry. Robot Environment Expert System. NASA Contractor Report 3815, NAG-
1-341 , NASA /Langley Research Center, 1985, 58 pp.

Requicha, Aristides A. G. Representations for Rigid Solids: Theory, Methods, and
Systems, ACM Computing Surveys, v. 12, n. 4 (Dec. 1980), pp. 437 — 464.

Singh, J. Sanjiv; Wagh, Meghavad D. Robot Path Planning using Intersecting Convex
Shapes: Analysis and Simulation. IEEE ]. Robotics and Automation, v. RA-3, no. 2
(Apr. 1987), pp. 101 — 108.

Uchiki, Tetsuya; Ohashi, Toshiaki; Tokoro, Mario. Collision Detection in Motion
Simulation. Computers and Graphics, v. 7, no. 3-4 (1983), pp. 285 — 293.
EXTERNAL CONTROL FUNCTION

Blubaugh, Thomas D. Time-Optimal Planning of Point-to-point Moves for Robotic
Manipulators. Masters Thesis, Dept. of Mech. Engr. MIT, December, 1984, 257 pp.

Bruhr, H.; Ersii, E. Cartesian Path Planning by General Polynomial Interpolation.
Conference Proceedings, 4 pp.

Dubowsky, S.; Norris, M. A.; Shiller, Z. Time Optimal Trajectory Planning for Robotic
Manipulators with Obstacle Avoidance, Proceedings of 1986 IEEE International Conf.
on Robotics & Automation (Apr. 7 — 10, 1986, San Francisco, California), v. 3, pp. 1906 -
1912.
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15.

16.

17.

18.

23.

24.

25.

26.

27.

28.

30.

Freund, E.; Hoyer, H. Collision Avoidance in Multirobot Systems, Robotics Research:
The Second International Symposium, (Aug. 20 — 23, 1984, Kyoto, Japan, Hanafus, . &
Inoue, H., eds.), MIT Press, 1985, pp. 135 ~ 146.

Freund, E.; Hoyer, H. On the On-line Solution to the Findpath Problem in Multi-
Robot Systems, Robotics Research: The Third International Symposium, (Oct. 7 - 11,
1985, Gouvieux, France, Gaugeras, O. & Giralt, G. eds.), MIT Press, 1986, pp. 253 - 262

Freund, E.; Hoyer, H. Pathfinding in Multi-Robot Systems: Solution and Applications,
Proceedings of 1986 IEEE International Conf. on Robotics & Automation (Apr. 7 — 10,
1986, San Francisco, California), v. 1, pp. 103 - 111.
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Khatib, O. Dynamic Control of Manipulators in Operational Space, Proceedings of the
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Khatib, Oussama. The Operational Space Formulation in the Analysis, Design, and
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Manipulators: The Operational Space Formulation. IEEE ]. Robotics and Automation,
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Khatib, Oussama; Burdick, Joel. Motion and Force Control of Robot Manipulators,
Proceedings of 1986 IEEE International Conf. on Robotics & Automation (Apr. 7 ~ 10,
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